Limited efficacy of immune checkpoint blockades was observed in clinical trials in colorectal (CRC) patients, especially in the microsatellite-stable patients. Interleukin-6 (IL-6) is critical in modeling immune responses in cancers. However, the effects of targeting IL-6 in combination with immune checkpoint blockades is unknown in CRC.
Background
Tumor-specific adaptive immunity, such as cytotoxic T lymphocyte (CTL) response, can result in promising anti-tumor effects in human malignancies [1, 2] . Immune checkpoints are either inhibitory or stimulatory pathways hardwired into the immune system for maintaining self-tolerance and modulating the duration and amplitude of immune responses [3, 4] . In cancers, the inhibitory immune checkpoints, such as cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and programmed death 1 (PD-1) limit the anti-tumor immune response, thereby facilitating tumor progression [3, 4] . Immune checkpoint blockades (ICBs) blocking the immune inhibitory pathways have shown promising effects in certain late-stage cancers [5, 6] . However, in colorectal cancer (CRC), especially in the microsatellite-stable CRC subtype, their efficacy is limited [7, 8] .
IL-6 is a pleiotropic cytokine that is involved in tumor growth, invasion, and metastasis [9] [10] [11] . It is known that IL-6 is a pivotal modulator in the initiation of prostate tumorigenesis, tumor growth, metastasis, and resistance to chemotherapy [12] . In pancreatic cancer, IL-6 is necessary for pancreatic intraepithelial neoplasia (PanIN) maintenance and progression [13] . In CRC patients, the serum levels of IL-6 are elevated in CRC patients with advanced tumors and poor prognosis, suggesting that IL-6 facilitates CRC development [14, 15] . However, the immunoregulatory roles of IL-6 and potential therapeutic effects of blocking IL-6 are unknown in CRC.
In the present study, we aimed to validate the prognostic value of IL-6 in a Chinese CRC patients cohort and to elucidate the immunomodulatory effects of IL-6 in CRC. More importantly, we sought determine if blocking IL-6 would sensitize CRC tumors to the existing ICBs, thereby reducing drug resistance in CRC patients.
Material and Methods

Cell culture
Mouse CRC cell lines CT26 (CRL-2638) and MC38 were obtained from ATCC (VA, USA) and the Cell Bank of Chinese Academy of Sciences (Shanghai, China). They were cultured with RPMI-1640 medium with 10% fetal bovine serum (FBS, Thermo Fisher Scientific, MA, USA), 100 U/ml penicillin (Sigma-Aldrich, MO, USA), and 100 mg/ml streptomycin (Sigma-Aldrich, MO, USA) in a humidified incubator with 5% CO 2 at 37°C.
Patient samples
We collected a total of 105 formalin-fixed and paraffin-embedded (FFPE) CRC tissue samples. All patients were diagnosed from April 2011 to June 2012 at the Cancer Hospital of China Medical University. The samples were collected during the surgery. The follow-up started from the date of the surgery and ended in June 2016. Survival time was defined as the interval between the date of diagnosis and the date of death or the end of follow-up. This study was approved by the local Ethics Committee of Cancer Hospital of China Medical University. All patients signed the informed consent before surgery.
Immunohistochemistry
Expression of IL-6 in the FFPE tumor tissue sections was evaluated by standard immunohistochemistry (IHC). Briefly, the slides were deparaffinized with xylene and rehydrated with ethanol. Then, they were submerged in the 10 Mm citric acid buffer (Sigma-Aldrich, MO, USA) and heated in a microwave oven for 20 min for antigen retrieval. After cooling to room temperature, the slides were incubated with 3% hydrogen peroxide for 20 min and then incubated with 5% bovine serum albumin buffer (these 2 steps were both performed at room temperature). The primary antibody of IL-6 (Santa Cruz, CA, USA) was diluted by 1: 100 and added to the slides for incubation overnight at 4°C. Horseradish-peroxidase-conjugated secondary antibody (Santa Cruz, CA, USA) was diluted to 1: 1000 and added to the slides for incubation for 1 h at room temperature. The stain was developed using DAB (Abcam, MA, USA). Counterstaining was performed using hematoxylin. PBS replaced the primary antibody in the negative control. All the slides were observed under a microscope by 2 pathologists independently and without knowing the aim of this study and the clinical features of the patients. The slides with more than 30% IL-6 positive cells were defined as having IL-6 high expression.
Overexpression and knockout
Expression of IL-6 was regulated in CT26 cells and MC38 cells. Lentivirus IL-6 overexpression vector (Il6 Mouse ORF Clone Lenti Vector, Origene) and CRISPR vector (Il6 -mouse gene knockout kit via CRISPR, Origene) were used. We used the corresponding empty vector as a transfection control. HEK293T cells were transfected with vectors for amplification of the lentivirus. Then, CT26 and MC38 cells were infected with the harvested lentivirus. A standard lentivirus packaging and infection protocol was followed (from Origene). IL-6 expression was confirmed by flow cytometry.
Animal model
BALB/c mice and C57BL/6J mice (6-week-old, 20-22 g, male) were used to establish CT26 and MC38 syngeneic mouse models, respectively. All the mice were obtained from Shanghai SLAC Laboratory Animal Center of the Chinese Academy of Sciences, China. Before inoculation, cells were harvest from cell culture flasks with medium removed and counted after trypan blue staining. Then, the cells were washed with PBS and resuspended by Matrigel to a concentration of 1×10 6 cells/100 μl. Afterwards, a 100-μl cell suspension was slowly injected into the right flank of each mouse. Treatment started 1 week after the inoculation. We administered 10 mg/kg anti-PD-1 ligand 1 (PD-L1) and 5 mg/kg anti-IL-6 intraperitoneally twice per week. Tumor volume and survival status were measured and recorded regularly. Tumor length and width were measured weekly using calipers. Tumor volume was calculated as: tumor volume=length×width 2 ×v/6. Survival time was defined as the interval between the date of tumor cell inoculation and the date of death or the observation endpoint. Mice with extreme volume (more than 2000 mm 3 ), obvious weight loss (more than 30%), excessive ascites, or any other distress were sacrificed and considered as deaths. All mice were raised in specific-pathogen-free conditions with free access to standard food and clean water. ). All the fluorescencelabeled antibodies were purchased from Biolegend. Standard flow cytometry procedures were followed. Briefly, fresh tumor tissues harvested from mouse models were chopped into small pieces and digested into single cells with collagenases type I and type IV. Cells were first stained for cell membrane markers and then processed by fixation and permeabilization buffer for cytoplasm staining. Samples were analyzed using an FACSCanto II machine (Becton Dickinson, NJ, USA). The data were visualized using Flow Jo software.
Statistical analysis
GraphPad (CA, USA) and SPSS 17.0 software (Chicago, IL, USA) were used to conduct all the statistical analyses in this study. One-way ANOVA and the t test were performed to evaluate the difference between different experimental groups. Bonferroni's pairwise comparisons were used to analyze the difference between 2 individual groups after one-way ANOVA. Kaplan-Meier survival analysis and the log-rank test were used to evaluate the difference in survival between colon cancer patients with different IL-6 expressions. Two-tailed P<0.05 was considered as statistically significant.
Result IL-6 high expression was related to poor survival of CRC patients
To evaluate the role of IL-6 in CRC development, we collected tumor tissues from 105 CRC patients, of whom 41 (39%) were females and 64 (61%) were males. Sixty patients with obvious IL-6 expression were considered as IL-6 high. The average age of the patients with IL-6 high expression was 56.4 years and that of the patients with IL-6 low expression was 58.3 years. When they were diagnosed as having CRC, 57.8% of the high-IL-6 patients were at an advanced stage vs. 51.7% of the low-IL-6 patients, but the difference was not significant. Other clinicopathological parameters such as tumor size and lymph node metastasis were not correlated with IL-6 expression. The survival analysis indicated that patients with IL-6 high expression tended to have poorer survival than the patients with IL-6 low expression (log-rank test, P value=0.013, Figure 1 ). The patients with IL-6 high expression had a median survival time of 25.5 months, while the patients with IL-6 low expression had a median survival time of 46 months (P (Figure 2A-2C ). Tumor growth of these mouse models was recorded ( Figure 2D, 2E) . The data indicated that the tumors with IL-6 overexpression tended to grow faster than the tumors with IL-6 knockout, but the difference was not significant ( Figure 2D, 2E ).
IL-6 expression suppressed immune response in the CRC mouse model
We evaluated the numbers of tumor-infiltrating immune cells in CT26 and MC38 tumors, aiming to characterize the immune signature in CRC models with different IL-6 expression levels. Interestingly, we found that the numbers of CD8 + T cells and CD4 + T cells were decreased in IL-6-overexpressed tumors but were increased in the IL-6-deficient tumors (Figure 3) . However, the numbers of MDSCs and Tregs were increased in the tumors with IL-6 overexpression and decreased in the tumors with IL-6 deficiency ( Figure 4) . PD-L1 is a potent inhibitory regulator of anti-tumor immunity. We found that PD-L1 expression was significantly increased in the tumors with IL-6 overexpression ( Figure 4F, 4G) . Taken together, our results show that IL-6 expression causes a compromised anti-tumor immunity in CRC. Tumors with IL-6 deficiency (IL-6 (-/-)) grew slightly slower than the tumors with IL-6 overexpression (IL-6-OE) and control groups, but no significant difference was observed. *** P value less than 0.001; WT -wild-type; EV -empty vector; OE -overexpression; MFI -mean fluorescence intensity; sample size of every experimental group was 10. Anti-IL-6 treatment acted synergistically with anti-PD-L1 treatment in the CRC mouse model
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Because IL-6 overexpression promoted PD-L1 expression and inhibited anti-tumor immune activity in CRC, we explored the effect of anti-IL-6 treatment in combination anti-PD-L1 treatment in both the CT26 mouse model and the MC38 mouse model. Importantly, the result showed that anti-IL-6 treatment or anti-PD-L1 treatment alone did not have an obvious effect on these mouse models ( Figure 5 ). However, anti-IL-6 and anti-PD-L1 combined treatment significantly suppressed tumor growth ( Figure 5 ). Therefore, we believe that anti-IL-6 and anti-PD-L1 acts synergistically in inhibiting colon cancer growth.
Discussion
Accumulating evidence from preclinical and clinical studies suggests that the inflammatory cytokines and chemokines have critical roles in cancer immunotherapy [16] . In normal + T cells in tumors with IL-6 deficiency was significantly enhanced but was decreased in tumors with IL-6 overexpression. ** P value less than 0.01; *** P value less than 0.001; **** P value less than 0.0001; WT -wild-type; EV -empty vector; OE -overexpression; sample size of every experimental group was 10 mice. Tumors with IL-6 overexpression showed increased PD-L1 expression but tumors with IL-6 deficiency showed decreased PD-L1 expression. ** P value less than 0.01; *** P value less than 0.001; **** P value less than 0.0001; WT -wild-type; EV -empty vector; OE -overexpression; MDSCs -myeloid-derived suppressor cells; Tregs -regulatory/suppressor T cells PD-L1, PD-1 ligand 1; sample size of every experimental group was 10 mice.
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condition, IL-6 is secreted by T-helper cells and macrophages to stimulate immune response and maintain chronic inflammation [17] . IL-6 is one of the major cytokines in the tumor microenvironment and is an important factor involved in multiple processes of tumor development, such as apoptosis, survival, proliferation, angiogenesis, invasiveness, and metastasis, and, most importantly, the immune response [18] . In this study, we focused on the effects of IL-6 expression on immune regulation of CRC.
To understand the roles of IL-6 in CRC, we first correlated IL-6 expression with CRC patients' survival. Patients with IL-6 high expressions had an obvious shorter survival time than the patients with IL-6 low expression. This data agrees with previous reports [15] and suggests that IL-6 high expression has an adverse effects on CRC patients. We further investigated the mechanisms by which IL-6 overexpression can promote CRC progression. Interestingly, overexpression of IL-6 in mouse CRC cell lines did not increase tumor growth dramatically, which made us think that IL-6 produced by CRC tumor cells may function in the tumor microenvironment to promote tumor progression.
Anti-tumor immune cells are major components of the tumor microenvironment and control the most vulnerable point of cancer [19] . Intensive infiltration of immune cells, such as T cells and NK cells, is correlated with better survival of CRC patients [20, 21] . Using flow cytometry, we found that CD4 and CD8 T cell populations were suppressed by IL-6 overproduction in the tumor tissue. However, the immunosuppressive cells, such as MDSCs and Tregs, were more numerous in IL-6-overexpressed tumors. PD-L1 is a transmembrane protein Figure 5 . Effects of combined treatment of anti-PD-L1 and anti-IL-6 in CRC mouse models. CT26 (A) and MC38 (B) mouse models were treated by anti-PD-L1 or anti-IL-6 at 1 week after tumor implantation. Tumor growth of these models was significantly suppressed by the combined treatment with anti-PD-L1 and anti-IL-6 antibodies. * P value less than 0.05; ** P value less than 0.01; WT -wild-type; EV -empty vector; OE -overexpression; PD-L1 -PD-1 ligand 1; sample size of every experimental group was 10 mice. A B speculated to play a major role in suppressing the immune system during particular events, such as cancer. High expression of PD-L1 in tumor tissue has potent effects on inhibiting anti-tumor immunity [22] . In our animal model, we showed that IL-6 overexpression upregulated PD-L1 levels in tumor tissues. These data clearly indicate that IL-6 overexpression in CRC promotes tumor progression by inducing immunosuppression.
Immunotherapy targeting the immune checkpoints has been approved for the treatment of an expanding list of cancers, including microsatellite instable (MSI) CRC [23] . Clinical trials of PD-L1/PD-1 antibodies in MSI CRC patients have shown favorable results, but only about 15% of CRC patients are MSI subtype [24] . The rest of the microsatellite-stable (MSS) CRC patients showed a very low responsive rate [23] . These clinical observations underscore the compelling need to reverse the non-responsive CRC tumors for better therapeutic responses to immune checkpoint blockades. Previous studies have clearly shown that immune-suppressive factors in the tumor microenvironment are one of the major factors causing immunotherapy failure [25] . Each treatment can only reduce some of these suppressive factors. Thus, releasing more immunosuppressive factors by combining different treatments that target different immunosuppressive mechanisms will be a promising strategy to achieve better responses in immunotherapies. Since we showed that high IL-6 expression could induce a suppressive immune phenotype, we further investigated the feasibility of combining anti-IL-6 with anti-PD-L1 in CRC. Importantly, we noticed that anti-IL-6 treatment was able to reverse anti-PD-L1 resistance in CRC mouse models. Our results and those of previous studies [25] 
